The morphological and physiological classification of the fibres of the extraocular muscles has been the subject of some controversy, not to say confusion. It is well known that in mammals the oblique and rectus muscles consist of a peripheral layer of smaller fibres overlying a deeper zone with larger diameters (Kato, I938; Kern, I965). Many morphological and ultrastructural studies have described a dual type system in several species, including man, but later reports have suggested that this is an oversimplification. The application of histochemical methods to skeletal muscle has clarified the typing of the fibres and has enabled certain physiological properties to be inferred from their relative staining intensities. The purpose of the present study was to examine systematically control and denervated extraocular muscles in the baboon and control human material with a variety of histochemical and morphological techniques and to attempt to correlate the findings with those of other workers.
Myofibrillar ATPase with pre-incubation in sequestrate buffer at pH 4-35 and haematoxylin counterstain (after Drews and Engel, I966) Myofibrillar ATPase with pre-incubation in veronal buffer at pH 4-6 (Guth and Samaha, I969) Menadione-linked oc-glycerophosphate dehydrogenase (Wattenberg and Leong, 1960) . To illustrate the glycolytic pathway:
Periodic acid-Schiff for glycogen with haematoxylin counterstain Phosphorylase (Takeuchi and Kuriaki, I955). To illustrate the oxidative pathway:
NADH2 tetrazolium reductase (Novikoff, Shin, and Drucker, I96I) Succinate dehydrogenase (Nachlas, Tsou, de Souza, Cheng, and Seligman, I957).
For neutral lipids: Sudan black B.
For neuro-muscular junctiona: Non-specific esterases (Davis and Ornstein, I959). For capillaries:
Alkaline phosphatase (Romanul, I965). Control and experimental muscles were subjected to identical procedures and processed in the same media. Identical areas of muscle were photographed from adjacent serial sections. All illustrations were taken from baboon material unless stated otherwise.
Results (I) CONTROL MUSCLES (a) Morphological observations
In the present study three distinct types of fibre were found in the extraocular muscles of the baboon and man. It is proposed to call them "coarse", "fine", and "granular" fibres according to their respective reticular patterns. The coarse fibres correspond to the Felderstruktur fibres of earlier studies, while the fine and the granular types represent two types of Fibrillenstruktur fibre. The main morphological features of the three fibre types are illustrated in Figs The coarse fibres possessed a reticulum which was conspicuous, irregular, and bright red when stained with the modified trichrome technique. Sarcoplasmic masses were found in the central and subsarcolemmal regions. From one to three subsarcolemmal nuclei were seen in transverse section and occasional nuclei were centrally situated. The fine fibres were smaller and contained a regular, more delicate reticulum with one to three subsarcolemmal nuclei. They stained light green with trichrome and were markedly eosinophilic in frozen sections. In the larger granular fibres, the reticulum was delicate but irregular. These fibre types contained two or three subsarcolemmal nuclei. Degenerative changes were found in the reticulum of many fibres, particularly the coarse types (Fig. 3) . Modified Gomori trichrome. X 240. Degenerative changes
In the levator palpebrae superioris muscles, the three types were arranged in a random fashion (Fig. i) . The coarse types formed 75 to 8o per cent. of the fibre population and the granular fibres i 5 per cent. In the majority of these muscles, the fine fibres accounted for uP to 5 per cent., but in two baboon muscles none was found. In the oblique and rectus muscles, the fibres were arranged in three zones, but the boundaries between them were not sharply defined (Fig. 2) The ring configuration remained throughout the length of the superior oblique muscles.
(b) Histochemical observations With the ATPase reaction at pH 9.4, the coarse and the granular fibres stained intensely, while the fine fibres showed a relatively poor reaction (Fig. 4a) . The coarse and the granular fibres could be distinguished, because in the former the myofibrils were separated by irregular sarcoplasmic material. These staining properties were reversed when the sections (Figs 5d and 6b) .
When stained for glycogen and phosphorylase, the fine and the granular fibres showed a poor reaction in all zones and in all muscles. In the levator muscles, the coarse fibres showed a moderate reaction (Fig. 6d) (Fig. 5e) .
The esterase reaction also demonstrated the sites of the neuro-muscular junctions. The coarse fibres showed large loci of reaction product suggestive of multiple endings en grappe (Fig. 8a) . Single endings en plaque were seen in the fine fibres (Fig. 8b) . Endings en plaque were also found in the granular fibres but they were smaller (Fig. 8c) (Fig. 9 , opposite).
Low-power views of the histochemical preparations served to demonstrate the distribution of the fibre types described in the previous section. The random arrangement of the fine fibres seen in all the control muscles was best shown by the acid-activated ATPase reaction ( Fig. i o, opposite) .
The granular fibres were randomly distributed in the levator muscles, but were confined to the central zones in the oblique and rectus muscles. This was most obvious with the oc-glycerophosphate dehydrogenase preparations ( Fig. i i, overleaf ) . The distribution of the coarse fibres in the levator muscles was also random. In the oblique and rectus muscles they were found mostly in the peripheral and intermediate zones. These appearances were easily seen in the sections stained for lipids and oxidative activities ( Fig. I 2, overleaf) .
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x 80-. - The coarse fibres at the peripheries of the oblique and rectus muscles showed the highest glycolytic capacities, whereas these types stained uniformly for glycogen and phosphorylase in the levator muscles (Fig. I 3) .
Haemato.ylzn counterstain. As the rectus and inferior oblique muscles were traced anteriorly, the ring configuration gave way to an arc and the central zone became directly applied to the globe (Fig. I5 ). In the superior oblique muscles, the ring appearance was seen in all transverse sections. anaesthesia, all the animals showed complete ptosis on the right side (Fig. I8 ). This improved gradually over the next year and obvious improvement was seen as soon as I month after operation (Fig. I9) . By 6 weeks, the right eye had returned to the primary position (Fig. 20) . There was gradual recovery of the range of eye movements over the rest of the 2-year period of observation, although they remained slower on the right side (Fig.   21 ).
No recovery of pupillary function was observed after nerve section. The clinical findings immediately after oculomotor nerve crush were identical to those which followed group.bmj.com on June 22, 2017 -Published by http://bjo.bmj.com/ Downloaded from nerve section. However, there was gradual and complete recovery of the ptosis, ocular movements, and pupillary function over a period of I month (Fig. 22). (b) Morphological and histochemical observations In the two animals killed 3 weeks after nerve section, no wasting was detected on dissection of the muscles of the right orbit and the cut ends of the right oculomotor nerve were still separated. The muscles of the right orbit, other than the lateral rectus and superior oblique, showed uniform microscopic changes. The fibre nuclei were swollen and their nucleoli prominent. There was marked infiltration of round cells between the fibres (Fig. 23) 
Histochemistry ofprimate extraocular muscles
The architecture of the reticulum of the coarse fibres was disrupted and appeared whorled in transverse section (Fig. 24) . The fine and the ganular fibres showed a coarsening of their reticulum. The intramuscular nerves showed loss of myelin.
In the denervated muscles, there was loss of glycogen and phosphorylase, particularly from those fibres which normally stain intensely (Figs 25 and 26 ).
The oxidative, Sudan black, and a-glycerophosphate dehydrogenase preparations confirmed the disruption of the reticulum (Fig. 27) .
The Sudan stain also showed myelin debris in the intramuscular nerves indicating Wallerian degeneration (Fig. 28) . No change was seen in the esterase staining or in the capillary networks. There was no apparent alteration in the sizes or distribution of the fibre types. No increase in connective tissue was found.
In the two animals killed at 3 months, the muscles showed no change in bulk, but the cut ends of the right oculomotor nerve had become reconnected (Fig. 29) cal and histochemical properties of the denervated muscles were similar to those found at 3 weeks, with the exception that the intramuscular nerve fibres had remyelinated.
The findings in the muscles examined at 6 months, iyear, and 2years were comparable one to another. The cut ends of the right oculomotor nerves were reconnected and the intramuscular nerves showed no abnormality. No nuclear changes or cellular infiltration were seen and the fibres showed no architectural abnormalities. The striking change in the muscles was the appearance of groups of up to thirty fine fibres with a wide range of diameters (Fig. 30, overleaf) . No grouping of the coarse or the granular fibres was detected and no selective type atrophy was found.
In the muscles of the two animals examined 3 months and 9 months after nerve crush, no changes in morphological or histochemical properties were encountered. In particular, the type distributions and the intramuscular nerves appeared to be normal. In all experimental animals, the right lateral rectus and superior oblique muscles showed no abnormality. Williams, 1953) . In mammalian limb muscles, the motor units are all of the 'twitch' type and possess single endings en plaque. They are capable of propagating action potentials and respond to stimulation with a single contraction in an all-or-none fashion (Close, I967). In primates, two main divisions are recognized and are termed 'fast-twitch' and 'slow-twitch' according to differences in their contraction speeds, thresholds for stimulation, and resting potentials (Eberstein and Goodgold, I968). The Fibrillenstruktur fibres, which in the present study have been subdivided into fine and granular types, were assumed to have a 'fast-twitch' mode of action as their endings en plaque and sarcoplasmic reticulum resembled those of the fast-twitch fibres of the limbs.
A simple division into slow-tonic and fast-twitch systems was supported by the electrophysiological studies of Hess and Pilar (I963) in the cat, and seemed to correspond to the dual-type system of earlier morphological reports. However, Bach-y-Rita and Ito (I966), while agreeing about the properties of the fast-twitch units, considered the slow units to be of the twitch type also. An attempt to reconcile the two views was made by Peachey (1968) , who suggested that the differences in the electrophysiological results were due to different fibres being sampled and to differences in the sizes and location of the fibres within the muscles studied. The three types of motor unit were thus indirectly correlated with the three morphological types of fibre.
The histochemical properties of limb muscles, and to some extent their physiological characteristics, are influenced by their motor nerve supply. This has been shown by crossinnervation studies in the cat and rat (Dubowitz, I967; Romanul and van der Meulen, I967). Most early attempts at correlating the histochemical properties of muscle fibres to the physiological role of the motor units to which they belong have come about indirectly by extrapolation of data obtained from studies on whole muscles and their nerves. Later studies of single motor units have led to more direct correlations. It was shown that the muscle fibres belonging to a particular motor unit were of uniform histochemical type (Brandstater and Lambert, I968; Kugelberg and Edstrom, I968). In a study of single motor units in cat gastrocnemius muscles, further correlations were made between the motor unit physiology and the histochemistry of the muscle fibres (Burke, Levine, Zajac, Tsairis, and Engel, 197 I) . In this species, the histochemical properties of the muscles resemble those of primates (Brooke and Kaiser, I970; Durston, I971). Three populations of motor unit were found. The muscle fibres of the slow-twitch units stained poorly for ATPase activity (histochemical type I). They showed a high intensity for oxidative enzymes and were relatively resistant to fatigue. The fast-twitch fibres all showed a strong reaction for ATPase (histochemical type II) but could be subdivided. Those fast-twitch fibres with high oxidative enzyme activity were relatively resistant to fatigue during repetitive nerve stimulation (type IIB), whereas those which stained poorly (type IIA) belonged to units which fatigued more rapidly. Against this background it is possible to discuss the physiological role of the extraocular fibre types, even though their histochemical characteristics differ significantly from those of limb muscles.
The coarse fibres make up the bulk of the extraocular fibre population and were in a particularly high proportion in the lateral rectus and levator palpebrae muscles. Their multiple endings en grappe suggest that they are capable of graded contractions similar to those demonstrated pharmacologically in the cat, dog, and rabbit (Duke-Elder and Duke-Elder, 1930; Kern, I965 The fine fibres share several histochemical properties with the slow-twitch type I fibres of primate limb muscles. They stain poorly for cx-glycerophosphate dehydrogenase, glycogen, phosphorylase, and ATPase at pH 9-4. They react strongly for acid-activated ATPase and non-specific esterases. They differ, however, in staining poorly for lipids. The fine fibres would seem to be ofrelatively small importance in extraocular muscle function.
They are few in number and were absent altogether from two of the baboon levator muscles. (Fuchs and Luschei, 1970; Robinson, 1970; Schiller, I970; Robinson and Keller, I972) . The 'low-threshold' fibres are likely to be those which are relatively resistant to fatigue. The coarse fibres appear to possess the biochemical properties for this. Such activity would be seen in fixation movements which are constantly active during waking hours. The anaerobic metabolism of the coarse fibres located at the periphery of the obliques and recti suggests that they contract late and are 'protected' when the blood supply of the muscle is mechanically reduced. The granular fibres are likely to act in a fast-twitch manner and to be brought into action mostly during brief eccentric movements or saccades in the 'on' direction. The point at which the fine fibres are recruited is difficult to infer from their histochemical properties. It is possible that they are vestigial or have an afferent role.
Spindles have been found in the extraocular muscles of sheep, goats and many higher group.bmj.com on June 22, 2017 -Published by http://bjo.bmj.com/ Downloaded from primates including man (Cooper, Daniel, and Whitteridge, I955). In man, ocular intrafusal fibres are less differentiated than those of the skeletal muscles in that they cannot be divided into nuclear bag and nuclear chain types but fall into an intermediate form (Cooper and Daniel, I949) . Their histochemical properties are also uniform. The functions of the extraocular spindles are not clear. The orbital muscles act upon a constant load and possess no stretch reflex (Robinson and Keller, I972). They may be concerned with monitoring contraction speeds or with feed-back projections to the cerebellum (Fuchs and Kornhuber, I969). Although no spindles are present in the extraocular muscles of the cat and the baboon, this does not preclude an afferent role for some of the fibres, but the fact that they are not encapsulated makes them difficult to identify. Afferent function is also subserved by the spiral endings related to the central fibres.
The partial recovery of ocular movements and levator function by 6 weeks after nerve section indicates that re-innervation had occurred during this interval, and this was confirmed by the findings on dissection and microscopy at 3 months. The slower speed of movements observed in the right eye at 2 years may be related to a change in the type ratios. Although total counts were not made, it was obvious that the number of fine fibres had increased as a result of re-innervation. The persistence of a dilated, non-reactive pupil for 2 years after nerve section indicates that the parasympathetic nerve fibres had not recovered to the same extent as the oculomotor units, if at all. The complete recovery of oculomotor and parasympathetic function in I month and the absence of type grouping after a simple crush lesion suggest that all the fibres contained in the oculomotor nerve possess considerable powers of regeneration provided the continuity of their sheaths is not interrupted.
At 3 weeks and 3 months after nerve section, the morphological changes resembled those seen in baboon limb muscles denervated for the same period (Durston, 1971) . These early findings were also similar to those described in the extraocular muscles of the dog after experimental denervation (Drachman, Wetzel, Wasserman, and Naito, I969) . Plates of atrophic fibres, considered a sign of denervation in limb muscles, are not seen in the muscles of the orbit. This may in part be due to difficulty in recognizing such changes in muscles which normally contain fibres of widely ranging diameters, but in the present experiments and those of Drachman and others (i969) early re-innervation was not prevented. Although there was early loss of glycogen and phosphorylase from those fibres which normally stain intensely, few conclusions could be drawn concerning the trophic role of the oculomotor nerve as the muscles were not completely denervated for a sufficiently long period and no atrophy was observed. The type grouping seen 6 months, I year, and 2 years after nerve section affected the fine fibres to the greatest extent. This suggests that the motor axons which normally supply fine fibres regenerate more quickly or sprout more readily and re-innervate coarse and granular fibres to impose upon them the histochemical characteristics normally associated with the fine type. A similar phenomenon has been described in limb muscles as a result of experimental reinnervation (Karpati and Engel, I968). The finding compares with the more extensive type I grouping seen in limb muscles after partial denervation when the lesion responsible affects the peripheral nerve rather than more central pathways (Morris and Raybould, I97I). This then is further evidence for considering the fine fibres to be homologous with the type I. Summary Three types of fibre have been described in the extraocular muscles of the baboon and man 215
